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Inflammation, Oxidative DNA Damage, and
Carcinogenesis
by J. G. Lewis* and D. 0. Adams*

Inflammation has long been associated with carcinogenesis, especially in the promotion phase. The
mechanism of action of the potent inflammatory agent and skin promoter 12-tetradecanoyl phorbol-13-
acetate (TPA) is unknown. It is thought that TPA selectively enhances the growth of initiated cells, and
during this process, initiated cells progress to the preneoplastic state and eventually to the malignant
phenotype. Many studies support the multistep nature of carcinogenesis, and a significant amount of
evidence indicates that more than one genetic event is necessary for neoplastic transformation. Selective
growth stimulation of initiated cells by TPA does not explain how further genetic events may occur by
chronic exposure to this nongenotoxic agent. We and others have proposed that TPA may work, in part,
by inciting inflammation and stimulating inflammatory cells to release powerful oxidants which then
induce DNA damage in epidermal cells. Macrophages cocultured with target cells and TPA induce oxidized
thymine bases in the target cells. This process is inhibited by both catalase and inhibitors of lipoxygenases,
suggesting the involvement of both H202 and oxidized lipid products. Furthermore, macrophage popula-
tions that release both H202 and metabolites of arachidonic acid (AA) are more efficient at inducing
oxidative DNA damage in surrounding cells than populations which only release H202 or metabolites of
AA. In vivo studies demonstrated that SENCAR mice, which are sensitive to promotion by TPA, have a
more intense inflammatory reaction in skin than C57LB/6 mice, which are resistant to promotion by TPA.
In addition, macrophages from SENCAR mice release more H202 and metabolites of AA, and induce more
oxidative DNA damage in cocultured cells than macrophages from C57LB/6 mice. These data support the
hypothesis that inflammation and the release of genotoxic oxidants may be one mechanism whereby
initiated cells receive further genetic insults. They also further complicate risk assessment by suggesting
that some environmental agents may work indirectly by subverting host systems to induce damage rather
than maintaining homeostasis.

Introduction
Numerous observations in humans and animals have

suggested a strong association between inflammation
and carcinogenesis. As early as the late 1800s, Virchow
published observations noting the appearance oftumors
in sites of chronic irritation (1). For example, in humans
there is a high rate of carcinoma of the colon in patients
with the inflammatory bowel disease ulcerative colitis
(2). In rats, the instillation of inflammatory peptides
into the colon induces an inflammatory process similar
to ulcerative colitis (3), and increased rates of carcinoma
of the colon occur in animals coexposed to the colon
carcinogen 1,2-dimethylhydrazine (4). Similarly, pa-
tients with chronic infections such as osteomyelitis or
decubitous ulcers can develop very aggressive squa-
mous cell carcinomas and soft tissue sarcomas in drain-
ing sinuses and ulcers (5). Inflammatory reactions to
foreign bodies have also been linked to carcinogenesis.
If flat sheets of plastic are placed subcutaneously in
mice, sarcomas will develop at that site (6). If the ma-
terial is ground to a powder or large holes drilled into
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the sheets, tumors do not develop, suggesting that it is
not the material per se causing tumors, but the reaction
of the host to foreign material (6).
The terms initiation and promotion were first em-

ployed in describing the induction of tumors in animals
by chronically wounding skin that had been previously
exposed to a subthreshold dose of tar (7). Later exper-
iments demonstrated that croton oil, known as a blis-
tering agent at the time, could efficiently promote tu-
mors (8,9). Subsequently, 12-O-tetradecanoyl-13 ace-
tate (TPA) was separated from croton oil and shown to
be both the inflammatory and tumor promoting agent
(10). Over time TPA has been shown to induce a vast
array of changes in cells depending on the system in-
vestigated (11). Much of the subsequent work on the
mechanism of action of TPA centered on its effects on
cell replication and differentiation (11). Based on data
from such studies, it has been proposed that TPA se-
lectively enhances the replication of initiated cells,
thereby increasing their representation in the skin (11).
Subsequent exposure to TPA causes progression of
some of these cells to form benign neoplasms, papillo-
mas, and further exposure induces some of the papil-
loma cells to progress to the malignant phenotype.

Studies from several other laboratories have sug-
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gested an additional and nonmutually exclusive mode
of action for TPA that has relinked inflammation, tumor
promotion, and carcinogenesis. When inflammatory
cells, such as neutrophils and macrophages, are exposed
to active phorbol esters, they release large quantities
of reactive oxygen intermediates such as O2 and H202
and oxidized products of arachidonic acid (AA) (12-14).
This, in conjunction with the observation that reagent
peroxides are active promoters in mouse skin (15), has
suggested that phorbol esters may work, in part, by
inciting inflammation and causing infiltrating inflam-
matory cells to release large quantities of oxidants
which may then induce DNA damage in epidermal cells.
We and several other groups have shown that leuko-
cytes have the capacity to be genotoxic to surrounding
cells. Leukocytes exposed to phorbol esters have been
shown to suffer breaks in their own DNA, induce chro-
mosomal aberrations, breaks, and oxidized thymine
bases in the DNA of surrounding cells, and to be mu-
tagenic to bacteria (15-18,34).

Presented here are results of studies in our laboratory
on the ability of chronic inflammatory cells, macro-
phages, to induce oxidative DNA damage in surround-
ing cells, mechanisms by which this may occur, and
correlations between inflammation, the release of oxi-
dants from macrophages, and sensitivity to tumor pro-
motion in vivo.

Materials and Methods
Animals. Inbred SENCAR mice were obtained

from the Oak Ridge Research Institute, Oak Ridge, TN,
and C57LB/6 mice were obtained from the Trudeau In-
stitute, Lake Saranac, NY.
Macrophage Culture. Murine peritoneal macro-

phages were elicited, obtained, purified, and cultured
as previously described (19).

Quantitation ofOxidized Thymine Bases. Oxidized
thymine bases were quantified by base-acid degradation
as previously described (20) and performed in this lab-
oratory (18).

Quantitation ofH202. H202 was quantified by the
horseradish peroxidase-catalyzed oxidation of phenol
red as previously described (21).
Separation and Quantitation of the Release ofAr-

achidonate Metabolites. Arachidonic acid metabolism
was quantified and the metabolites separated using re-
verse-phase HPLC as previously described (22).
Evaluation ofInflammation in Skin. Inflammation

responses in skin were quantified by measurement of
edema formation by increases in skin sample weight,
measurement of vascular permeability by the leakage
of 1251I-labeled albumin into the interstitium, and the
infiltration of leukocytes by light microscopy. Detailed
methods have been published elsewhere (23).

Results
Macrophage Activation

It is important to note that macrophages, unlike neu-
trophils, are not short-lived end cells. They are long-

lived cells which, after leaving the marrow, continue to
develop in response to various signals (24). As they
develop or pass through various stages of activation,
they acquire the capacity to perform certain functions
and lose the capacity to perform others (Table 1). For
example, resident macrophages have a very low capac-
ity for the generation of H202, but possess a high ca-

pacity for the release of metabolites of arachidonic acid
(Table 1). Conversely, fully activated macrophages elic-
ited with agents such as bacille Calmette-Guerin (BCG),
which have an enhanced capability for microbial and
tumor celi killing, have a high capacity for the release
of H202, but a very low capacity for arachidonate me-
tabolism (Table 1). Inflammatory macrophages, elicited
with sterile casein, have an intermediate capacity for
both H202 generation and arachidonate metabolism (Ta-
ble 1). In addition, different stimuli, such as TPA or the
particulate zymosan, have different effects on H202 re-
lease and AA metabolism (14). TPA is a much better
stimulant than zymosan for H202 generation, and zy-
mosan is more efficient at stimulating AA metabolism
than TPA (14).

Induction of Oxidative DNA Damage by
Macrophages: Role of H202

We first wanted to determine if macrophages had the
capacity to induce oxidative damage in surrounding
cells. Casein-elicited macrophages were cocultured with
NIH 3T3 target cells with and without TPA. In order
to quantify DNA damage of oxidative origin, we meas-
ured the formation of oxidized thymine bases (T*) in
targets that were prelabeled with [3H]-thymidine. T*
were induced in targets that were exposed to both mac-
rophages and TPA (Fig. 1). No T* were induced by
TPA or macrophages alone (Fig. 1). The induction of
T* and the production of H202 were dependent on the
concentration of macrophages (Fig. 2). When targets
were exposed to reagent H202 at concentrations ac-
tually produced by macrophages, T* were induced in a

dose-dependent manner (Fig. 3). To determine if H202
was involved in the induction of T* by macrophages,
the specific scavengers catalase and superoxide dis-
mutase (SOD) were added to cocultures of macro-
phages, TPA, and targets. To allow for access of these
large scavengers, exposures were conducted in suspen-
sion. Catalase completely inhibited the induction of T*
by macrophages, whereas SOD significantly enhanced
induction (Fig. 4). The enhancement of damage by SOD

Table 1. Functional capacities of macrophages in different
stages of activation.a

AA Microbial Tumor cell
Eliciting agent H202 metabolism killing killing
Nothing + - + + + + - -

Casein + + + + + -

BCG + + + + + - + + + + + + + +
a Data from (14,24).
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FIGURE 1. Induction of T* in the DNA of NIH 3T3 cells cocultured
with inflammatory macrophages (MO) stimulated with TPA. Cas-
ein-elicited peritoneal exudate cells were added to monolayers of
3T3 cells that had been prelabeled with [methyl-3H]thymidine.
The flasks were incubated for 60 min, and the nonadherent cells
were washed off the target cells. Following adherence purification
of the macrophages, serumless medium was added with and with-
out TPA (100 ng/mL). The flasks were incubated for a further 60
min and T* was quantified as described in "Materials and Meth-
ods." Control and samples cultured with TPA alone received the
same number of macrophages at 4°C immediately before precipi-
tation of the macromolecules (mean of duplicate samples). Re-
printed with permission of Cancer Research (18).
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FIGURE 3. Induction of T* in the DNA of NIH 3T3 cells by reagent
H202. Prelabeled monolayers of target cells were exposed to vary-
ing concentrations of H202 for 60 min at 4° or 370C. Following
exposure, the cells were collected by trypsinization and centri-
fugation, and T* was quantified as described in "Materials and
Methods" (mean of duplicate samples). Reprinted with permission
of Cancer Research (18).
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FIGURE 2. Relationship between the density of macrophages (M)),
the concentration of H202 in the culture medium, and the amount
of T* induced in target cells. The curves connect the means at
duplicate determinations. Points, individual determinations. Re-
printed with permission of Cancer Research (18).
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FIGURE 4. Effects of catalase and superoxide dismutase (SOD) on
the induction of T* in cocultured target cells by inflammatory
macrophages (MO). Casein-elicited peritoneal exudates were sep-
arated from polymorphonuclear leukocytes by density gradient
centrifugation. Prelabeled monolayers of 3T3 cells were trypsin-
ized and cultured with the casein-elicited macrophages (106 mac-
rophages/mL) in suspension, with and without catalase (100 units/
mL) or SOD (100 units/mL) for 60 min at 37°C (mean of duplicate
samples). Reprinted with permission of Cancer Research (18).
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Table 2. Effects of macrophage activation and type of stimulus
on the induction of T*.'

T* zymosan T* zymosan
Macrophage + +
type T* TPA T* zymosan NDGA indomethocin
Resident + + + + + - + + + +
Casein ++++ ++++++ NDb ND
BCG + ND ND ND
aData from (14).
b Not determined.

presumably occurred because SOD does not completely
detoxify °2- but converts it to H202, thus resulting in
increased rates of H202 production.

Role of AA Metabolism in the Induction of
Oxidative DNA Damage
As Emerit and Cerutti have shown the possible in-

volvement of AA metabolism in the clastogenic action
of leukocytes (17), and Slaga et al. have reported that
inhibitors of AA metabolism can inhibit or enhance the
promotion of tumors by TPA in vivo (25), we next de-
termined if AA metabolism had a role in the induction
of oxidative DNA damage by macrophages. To do this
we exploited the fact that different populations of mac-
rophages have different capacities for the secretion of
H202 or metabolites of AA (Table 1). We reasoned that
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the macrophage population most able to generate the
relevant effector molecule would be the most efficient
at inducing oxidative DNA damage. Surprisingly, BCG-
elicited macrophages, which have the highest capacity
for the generation of H202, induced the lowest levels of
T* (Table 2). Resident cells, which have the lowest ca-
pacity for H202 release, induced more T* than the BCG-
elicited cells (Table 2). Interestingly, the casein-elicited
cells, which perform both functions fairly well (Table
1), were the most efficient cells at inducing T* (Table
2). Further support for the involvement of AA metab-
olism in the induction of oxidative DNA damage was
the observation that zymosan, which is more efficient
at stimulating AA metabolism than H202 release, was
a better stimulant for the induction of T* than TPA,
which is a better stimulant for H202 release than AA
metabolism (14,22) (Table 2). We then tested the ability
of inhibitors of lipoxygenases and cyclooxygenases to
inhibit the induction of oxidative DNA damage by mac-
rophages. Nordihydroquaiaretic acid (NDGA), an in-
hibitor of both lipooxygenases and cyclooxygenases,
completely inhibited the induction of T* by resident
macrophages stimulated with zymosan (Table 2). In-
domethacin, a specific inhibitor of cyclooxygenases, sig-
nificantly enhanced T* induction (Table 2).

If AA metabolism is involved in the induction of ox-
idant damage by macrophages, the studies showing that
reagent H202 alone at the concentrations released by
macrophages could induce similar amounts ofT* as mac-
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FIGURE 5. Comparison of the induction T* in target cells by a single bolus of reagent H202 or a flux generated by glucose oxidase. Target
cells were prelabeled with [3H]thymidine, exposed to 50 ,uM H202 or glucose oxidase for 60 min at 37°C and the amount of T' quantified
(A) as described in "Materials and Methods." The amount of H202 produced over 60 min by different amounts of glucose oxidase was
quantified as previously described (20). (B) Mean ± the range of duplicate samples. Reprinted with permission of Carcinogenesis (14).
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Hours Following Exposure To TPA

FIGURE 6. Edema formation in skin of C57LB/6 and SENCAR mice
following application of 5 ,zg ofTPA in 100 ,uL of acetone. Animals
were exposed and at various times 1 cm2 samples of skin were
taken and weighed. Controls were animals exposed to acetone.
Weights of control animals were subtracted from experimentals
and the data are present as net increase in weight over time.
Mean ± SEM of triplicate animals. Reprinted with permission of
Carcinogenesis (23).

rophages are paradoxical. To resolve this we tested the
effects ofexposure oftargets to a flux ofH202 generated
over time by glucose oxidase versus the effects of the
same concentration of reagent H202 given as a single
bolus. When targets were exposed to a flux of H202,
similar to that generated by macrophages, much less
T* was induced by the flux than by a bolus of reagent
H202 (Fig. 5).

The Role of Inflammation in the
Sensitivity to Phorbol Ester Tumor
Promotion In Vivo

In order to investigate the possible role of inflam-
mation in tumor promotion in vivo, we used the
SENCAR/C57BL/6 mouse model. SENCAR mice have
been selectively bred for their sensitivity to two-stage
carcinogenesis in skin employing TPA as the promoter,
whereas C57LB/6 mice are almost totally resistant (26).
C57LB/6 mice are, however, sensitive to complete car-
cinogenesis by the initiating agent, and are sensitive to
promotion by benzoyl peroxide, a free radical-gener-
ating compound (26). This indicates that the difference
in tumor response in these strains is limited to the pro-
motion phase, the action of phorbol esters, and that
exogenously supplied radicals can overcome the resist-
ance of the C57LB/6 mice.
When TPA was applied to the backs ofSENCAR and

C57LB/6 mice, there was a more intense inflammatory
response in the skin of SENCAR mice as measured by
increases in edema, vascular permeability, and infiltra-
tion of leukocytes (Figs. 6-8). Table 3 summarizes the
observed dose and time effects. The major differences
in the inflammatory response occurred during the first
48 hr following the first application of TPA. Massive
inflammatory infiltrates were observed in the skin of
SENCAR mice beginning at 16 hr following exposure
to TPA and peaking at 24 hr (Fig. 8). No inflammation
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FIGURE 7. Increase in vascular permeability in the skin of
C57LB/6 and SENCAR mice following exposure to TPA. Two
hours before sacrifice animals were injected IV with 1.6 times 105
cpm of "2'1-labeled BSA. Several 1-cm2 samples of skin were taken
and counted in a beta counter. Controls were animals exposed to
acetone. The radioactivity in controls was subtracted from that in
experimental animals and data are presented as net increase in
cpm over time. Mean ± SEM of triplicate animals. Similar results
were obtained in three separate experiments. Reprinted with per-
mission of Carcinogenesis (23).

was observed in the skin of correspondingly treated
C57LB/6 mice (Fig. 8). After the hyperplastic response
in the epidermis had begun, the infiltration ofleukocytes
in SENCAR mice dramatically subsided to a slight
chronic infiltration (Table 3). Hyperplasia occurred in
the epidermis of both strains of animal, but was more
intense in SENCAR animals (Table 3).

Release of H202 and Metabolites of AA by
Macrophages from SENCAR and C57LB/6
Mice
The studies cited above demonstrated that more in-

flammatory cells were present in the skin of mice sen-
sitive to the promotion of skin tumors by TPA. We next
determined if there were any differences in the amount
of oxidants released by inflammatory cells from the two
strains of mice. Macrophages from SENCAR mice re-
leased four times the amount of H202 per milligram of
cell protein than similar cells obtained from C57LB/6
mice when phorbol dibutyrate (PDBU) was used as a
stimulant (Fig. 9). In addition, the half maximal effec-
tive dose ofTPA was 60% lower in SENCAR mice than
in C57LB/6 mice. The differences between H202 release
by macrophages from the two strains was much less
when zymosan was the stimulant (Fig. 10). Similarly,
macrophages from SENCAR mice released more AA
metabolites than cells from C57LB/6 mice when TPA
was used as a stimulant (Fig. 11). Conversely, macro-
phages from C57LB/6 mice released more metabolites
ofAA when zymosan was used as a stimulant (Fig. 12).
When the individual metabolites were separated by
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FIGURE 8. Photomicrographs of skin from (A) C57LB/6 mice and (B) SENCAR mice 24 hr after a single exposure to 5 ,ug of TPA. No toxic
or inflammatory changes are present in the skin of C57LB/6 mice (A). In skin of SENCAR mice there is infiltration of acute inflammatory
cells in the epidermis (B). Vacuolated keratinocytes are also present in the skin of SENCAR mice (B). x 250.

Table 3. Effects of dose, time, and number of application of
TPA on inflammation and hyperplasia in the skin of SENCAR

and C57BL/6 mice.

Dose and number
of exposuresa SENCAR mice C57BL/6 mice

5 jig x 1 Leukocytesb + +
Hyperplasiab

2 jig x 1 Leukocytes + + + + + -

Hyperplasia
5pug x 1 Leukocytes + + + + +

Hyperplasia
0.5 jig x 4 Leukocytes +

Hyperplasia + +
2 jig x 4 Leukocytes + -

Hyperplasia + + + + + +
5 ,ug x 4 Leukocytes + +

Hyperplasia + + + + + +
a Mice were exposed twice weekly and sacrificed 24 hr following the

last exposure. Data from (23).
b Evaluated by light microscopy.

HPLC, very few differences in the pattern of metabo-
lites released were noted (14).

Since macrophages from SENCAR mice release more
of the oxidants and lipid oxidation products associated
with genotoxicity in target cells than macrophages from
C57LB/6 mice, we next determined if SENCAR mac-
rophages would induce more oxidative DNA damage
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FIGURE 9. Release of H202 by resident and casein-elicited macro-
phages from SENCAR (---) and C57LB/6 (-) mice exposed to
varying concentrations of PBDU. H202 release over 60 min was
measured by the horseradish peroxidase-catalyzed oxidation of
phenol red as described previously (21). Points, mean triplicate
samples; bars, SE. Reprinted with permission of CancerResearch
(22).

than macrophages from C57LB/6 mice. When casein-
elicited macrophages from SENCAR and C57LB/6 mice
were cocultured with P388 targets, the macrophages
from SENCAR mice induced more T* than cells from
C57LB/6 mice (Fig. 13). Interestingly, macrophages
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FIGURE 10. Release of H202 by casein-elicited macrophages from
SENCAR (---) C57LB/6 (-) mice over 60 min in response to
varying concentrations ofzymosan. Points, mean of triplicate sam-
ples; bars, SE. Reprinted with permission of Cancer Research
(22).

14-

12+

0L)

a)
aL)

C)-)

lo+

8+

6

4-

2-

TPA

Resident MO Casein MO

FIGURE 11. Release of metabolites of AA from resident and casein-
elicited macrophages (MO) from SENCAR and C57LB/6 mice in
response to TPA. Macrophages were obtained, cultured, and pre-
labeled with [3H]AA as previously described. Cells were exposed
to TPA (100 ng/mL) for 60 min, and the amount of label released
was determined by scintillation counting. Spontaneous release de-
termined in control cultures was subtracted and the counts were
normalized to the amount of label uptake, which was also deter-
mined in control cultures. Columns, mean duplicate samples; bars,
range. Reprinted with permission of Cancer Research (22).

from SENCAR mice induced a significant amount of T*
in the absence of TPA (Fig. 13).

Discussion
The data presented here demonstrate that chronic

inflammatory cells have the capacity to induce oxidative
DNA damage in surrounding cells under ideal, con-

FIGURE 12. Release of metabolites of AA from resident and casein-
elicited macrophages (MO) from SENCAR and C57LB/6 mice ex-
posed to zymosan (150 ,ug/mL). Columns, mean of duplicate sam-
ples; bars, range. Similar results were obtained in three separate
experiments. Reprinted with permission of Cancer Research (22).
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FIGURE 13. Induction of oxidized T* in the DNA of BP388 cells by
casein-elicited macrophages from SENCAR and C57LB/6. Target
cells were prelabeled with [3H]-thymidine and cocultured with
macrophages + TPA for 60 min. T* was measured as previously
described (18,20).

trolled conditions in vitro. They further suggest that
both H202 release and AA metabolism by the macro-
phages are necessary for damage to occur. In vivo stud-
ies demonstrated a strong relationship between the sen-
sitivity to tumor promotion by TPA and the intensity
of the inflammatory response in skin following exposure
to TPA. Strong correlations were also demonstrated
between enhanced sensitivity to TPA promotion and
enhanced release of H202 and AA metabolites by mac-
rophages. Taken together these data support the hy-
pothesis that inflammation, the release of powerful ox-
idants by inflammatory cells, and the induction ofDNA
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damage by these oxidants, may play a role in the pro-
motion or potentiation of carcinogenesis.
The multistep nature of carcinogenesis is supported

in several organ systems, mathematical models, and in
oncogene transformation studies using primary cultures
of cells (11,27). In all of these systems, more than one
genetic event is postulated as necessary for full trans-
formation. This can be provided by repeated exposures
to initiating agents, most of which are carcinogens, and
mutagens which bind to DNA, or by transfection with
at least two oncogenes (27). The manner in which fur-
ther genetic events occur during exposure to TPA is
not adequately explained by the selective proliferation
hypothesis. Undoubtedly, selective proliferation of in-
itiated cells occurs and is a necessary event. Many more
initiated cells are present in the skin than those that
form papillomas or carcinomas (28). The reason some
initiated cells form papillomas, and the majority lie dor-
mant, is not known. Thus, it may be that both selective
replication and further genetic insults are necessary in
some initiated cells.

Several recent studies suggest that inflammatory
mechanisms, such as those presented here, may play
an important role both in very early interactions with
initiated cells and in the late stages during the final
progression of cells to the malignant phenotype. Mez-
erine, a weak promoter, becomes a strong promoter if
it is applied after a few applications of TPA (29). TPA
can be applied before the initiating agent, and a signif-
icant amount oftime can pass between exposure to TPA
and the initiator (30). This suggests that one event
evoked by TPA is rapid and possibly long lasting. The
observation presented here that the inflammatory re-
sponse quickly subsides during TPA administrations
suggests that if genotoxic damage is to occur because
of oxidants released from inflammatory cells, it must
occur quickly. The memory effect of a limited number
of TPA exposures is also consistent with a genotoxic
insult early in TPA exposure. The observations that
reagent peroxides are promoters, that a higher number
of peroxide-promoted tumors are carcinomas, that per-
oxides are efficient converters of papillomas to carci-
nomas, and that acetic acid, a nonspecific toxic agent,
can also convert papillomas to carcinomas (T. J. Slaga,
personal communication) suggests that inflammation
and the release of oxygen radicals induced by necrosis
may also play an important role in the progression of
premalignant cells to the malignant phenotype.

It is important to note that while inflammatory cells
are an excellent source of reactive species of oxygen,
they are not the only source. Fischer has shown the
luminol-enhanced chemiluminescence occurs in epider-
mal cells exposed to TPA (31). Others have shown that
cultured cells can be promoted in vitro by TPA in the
absence of inflammatory cells (32). However, these lat-
ter studies also demonstrated that reactive oxygen in-
termediates were still necessary for TPA promotion,
suggesting that oxygen radicals, regardless of source,
are crucial to the action of TPA and the promotion pro-
cess.

In terms of risk assessment in humans, the studies
presented here represent a considerable complicating
element. These data suggest that any comprehensive
risk assessment plan must address not only the effects
of xenobiotics on cells directly (i.e., induction of DNA
adducts), but must consider how host systems such as
inflammation can be subverted into causing damage
rather than homeostasis. The human population is ex-
posed constantly to a complex mixture of physical and
chemical genotoxic agents. Even with the high capacity
for DNA repair exhibited by longer-lived species such
as man, it is not unreasonable to assume that many
individuals have initiated cells in their bodies. The eas-
iest task in risk assessment may be to identify those
agents that adduct DNA, only to discover that agents
that act indirectly on initiated cells are also a significant
variable in the probability of tumor formation. To ra-
tionally add these variables into risk assessment
schemes, we need a much better mechanistic under-
standing of the changes which occur in cells at all phases
of carcinogenesis.
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